We demonstrate experimentally that topological defects of vertically aligned nematic liquid crystal films induced by electric fields can be used as highly efficient natural optical spin-orbit encoders that do not need machining techniques. Moreover, we show that both the operating wavelength and operation mode of such natural quantum optical interfaces can be tuned in real time using low-voltage electric fields. © 2011 Optical Society of America OCIS codes: 160.1190, 230.3720, 260.6042. During the last decade liquid crystals have naturally found their place in singular optics [1, 2] as anisotropic optical materials. Indeed their long-range orientational order and high birefringence allow the design of optical elements that are able to modify the phase spatial profile of a light field. In particular, the coupling between the spin and orbital contributions to the total angular momentum of light, the optical spin-orbit coupling, is a prime phenomenon. A widespread example consists of azimuthally patterned nematic films where the local averaged molecular axis orientation (called the director) in the plane of the film, represented by the angle θ, continuously varies around an origin point as a function of the azimuthal coordinate φ, θ ¼ mφ þ θ 0 , with m integer or half-integer. For this purpose, various surface and bulk strategies have been proposed. Mechanical circular rubbing of polymer-coated substrates [3] (m ¼ 1, θ 0 ¼ π=2) or optical patterning of photosensitive polymer coated substrates [4] (m ¼ f1=2; 1; 3=2g, θ 0 ¼ 0) are examples of the surface type whereas bulk approaches have been achieved using electrical radial realignment [5] 
During the last decade liquid crystals have naturally found their place in singular optics [1, 2] as anisotropic optical materials. Indeed their long-range orientational order and high birefringence allow the design of optical elements that are able to modify the phase spatial profile of a light field. In particular, the coupling between the spin and orbital contributions to the total angular momentum of light, the optical spin-orbit coupling, is a prime phenomenon.
A widespread example consists of azimuthally patterned nematic films where the local averaged molecular axis orientation (called the director) in the plane of the film, represented by the angle θ, continuously varies around an origin point as a function of the azimuthal coordinate φ, θ ¼ mφ þ θ 0 , with m integer or half-integer. For this purpose, various surface and bulk strategies have been proposed. Mechanical circular rubbing of polymer-coated substrates [3] (m ¼ 1, θ 0 ¼ π=2) or optical patterning of photosensitive polymer coated substrates [4] (m ¼ f1=2; 1; 3=2g, θ 0 ¼ 0) are examples of the surface type whereas bulk approaches have been achieved using electrical radial realignment [5] 
The ability to generate light beams carrying phase singularities from nonsingular beams, e.g. Gaussian beams, using two-dimensional patterned birefringent systems was first demonstrated for mid-infrared wavelength owing to the form birefringence of subwavelength gratings [7] , and later for visible wavelength owing to the natural birefringence liquid crystals [8] . Although the use of liquid crystals is significant in terms of ease of manufacture, their self-organization properties have been barely used up to now despite their technology-free potential. To our knowledge, edge dislocations in cholesteric films [9] and point defects in nematic droplets [10] are the only two examples. However, none of these "natural" approaches is able to allow for a fully controlled spin-orbit manipulation of photons, which has been restricted so far to the use of artificial liquid crystal spin-orbit couplers [11] .
Here we show that electrically generated topological defects in vertically aligned nematic liquid crystal films can be used as highly efficient optical spin-orbit encoders. Moreover, we demonstrate that both the operating wavelength and operation mode of such natural quantum optical interfaces can be tuned in real-time using lowvoltage electric fields.
In experiments we used a L ¼ 15 μm-thick nematic film, which defines the ðx; yÞ plane, sandwiched between two glass substrates provided with transparent electrodes and perpendicular anchoring treatment. We chose the nematic MLC-2079 (from Licristal) with a negative dielectric anisotropy at low frequencies, ε Therefore, by applying a low-frequency voltage between the two electrodes, the director tends to align perpendicularly to the electric field. Since the initial alignment along z is azimuthally degenerated, topological defects spontaneously appear all over the film; see Fig. 1 (a). They correspond to umbilics, of strength m ¼ AE1, around which the director field changes not only along the z axis but also along the radial coordinates [12] . Such three-dimensional features, which have already been determined experimentally by fluorescence confocal polarizing microscopy [13] , vary with the electric field amplitude and are associated with θ ¼ AEφ þ θ 0 [12] .
The visualization of umbilical defects is easily made from cross-polarized imaging, as shown in Fig. 1 (a) where each of the dark cross centers corresponds to the location of a defect. In addition, it is possible to distinguish between m ¼ AE1 defects: a clockwise rotation of the pair of crossed polarizers makes the image of the m ¼ þ1 defects rotate in a clockwise direction, see Figs. 1(b) and 1(c), whereas it rotates counterclockwise when m ¼ −1, see Figs. 1(d) and 1(e).
The spin-to-orbital light angular momentum conversion operated by the topological defects is illustrated in Fig. 2. Figure 2 (a) presents the intensity distribution obtained between crossed circular polarizers (that are combinations of a polarizer and a quarter wave plate) under uniform white light illumination. The observed dark core is associated with the presence of an optical vortex embedded in the contra-polarized component of the output field with respect to the polarization state of the incident light field. This is further confirmed in Fig. 2(b) that shows the spatial phase distribution of such an optical vortex, Φ. The latter is retrieved from the spatially resolved polarimetric analysis of the total output field under circularly polarized illumination, as detailed in [10] . Actually, we have Φ ¼ arctan½ðI þ45°− I −45°Þ =ðI 0°− I 90°Þ , where I α refers to the intensity distribution obtained by placing a polarizer at an angle α from the x axis at the output of the film. A radially symmetric 4π phase change per full rotation around the defect is observed whatever is the selected wavelength. This concludes to the generation of a charge-two white light optical vortex located at the place of the umbilic.
The spin-to-orbital conversion efficiency, η, is defined as the power fraction of an incident circularly polarized light field that is converted into an optical vortex beam. It is known to strongly depend on the wavelength [14] , which rules out the blind use of topological defects as spin-orbit optical encoders that require η ¼ 1, i.e. a total phase delay Δ ¼ ð2n þ 1Þπ associated with the birefringence, with n integer [8] . We propose adjusting the amplitude of the electric field that gave rise to the topological defect in order to provide an optimal optical spinorbit behavior for the chosen operating wavelength λ.
The experimental dependence of ηðUÞ is retrieved by using a Gaussian laser beam (characterized by a waist ∼20 μm at sample location) normally incident on the film and centered on a defect. As it is expected from a uniformly aligned liquid crystal film with vertical alignment, the optical spin-orbit conversion efficiency is η ¼ 0 below the reorientation voltage threshold U F ∼ 1:9 V rms (Ω ¼ 2 kHz in experiments). Such a threshold behavior corresponds to the electric field-induced Fréedericksz transition characterized by U F ¼ π½K 3 =ðε 0 jε ðΩÞ a jÞ 1=2 , which gives U F ¼ 1:83 V rms by using the datasheet value of the dielectric permittivity at 1 kHz and K 3 ¼ 18:3 pN, where K 3 is the Frank bend elastic constant and ε 0 is the vacuum permittivity. For U > U F , η oscillates as U is increased; see Fig. 3(a) . This oscillating behavior eventually saturates when U ≫ U F , which corresponds to a maximal liquid crystal reorientation angle π=2 (with respect to the z axis) in the whole bulk film apart from tiny regions near the cell walls. More precisely, ηðUÞ experiences N ¼ ðn ∥ − n ⊥ ÞðL=λÞ oscillation periods to reach the saturation regime, where n ∥;⊥ are the refractive indices along directions parallel and perpendicular to the director. Since, from the datasheet, n ∥ − n ⊥ ¼ 0:15 at λ ¼ 589:3 nm, we get the estimated value N ∼ 3:5, which qualitatively agrees with the observed N ∼ 4; see Fig. 3(a) .
The extremum values of η are all the more close to 0 and 1 as U increases. This can be attributed to the dependence of Δ on the distance r from the defect location. In fact the reorientation angle significantly varies only in a restricted Fig. 3(a) . The reported data are obtained by averaging the experimental intensity distribution (see insets) over the azimuth. area around the defect, which defines the core of the umbilic whose radius that scales as ðL=πÞðU 2 =U 2 F − 1Þ −1=2 [12] . Therefore, the higher the voltage U is, the smaller the size of the umbilic core is, and the more uniform is the birefringence in a given neighborhood around a defect. Experimentally, we measured a deviation less than 1% from the ideal case η min ¼ 0 and η max ¼ 1 whatever the wavelength as shown in Fig. 3(b) for red (λ ¼ 633 nm), green (λ ¼ 532 nm), and blue (λ ¼ 488 nm) wavelengths. In addition, the real-time reconfiguration of our natural spin-orbit optical interface is also possible. This is demonstrated in Fig. 4 , where the total output intensity profile dynamics is shown for a 0:5 Hz square-wave voltage between U ¼ U A (vortex generator "off") to U ¼ U B (vortex generator "on") where labels A and B refer to the voltage values indicated on Fig. 3(a) .
When the optical spin-orbit conversion efficiency is optimized to reach the ideal value η ¼ 1, the topological defects enable one to fully control the entanglement of the polarization of a photon with its orbital angular momentum. This is summarized in Fig. 5 where the intensity and phase features of the output beam are shown for a linearly, right-or left-handed circularly polarized incident Gaussian beam. The intensity profiles exhibit a similar doughnut shape in all cases, see Figs. 5(a)-5(c), though they are associated with distinct photon states.
On the one hand, when the input beam polarization is left-or right-circular, the output photons are respectively described by the separable states j∓1i S ⊗ j AE 2i L 2 in the spin-orbit space S ⊗ L 2 . Here S refers to the polarization degree of freedom associated with the right-(spin down) and left-(spin up) circular polarization basis fj − 1i; j þ 1ig S , and L 2 refers to subspace of the infinite dimensional Hilbert space of orbital angular momentum that is associated with the quantum orbital number l ¼ AE2 and basis fj − 2i; j þ 2ig L 2 . This can be retrieved from the interference patterns between the output beam obtained from a P in -polarized incident beam and a collinear P refpolarized reference Gaussian beam, to which we further refer to as the "P in =P out " cases. Indeed, the left/left and right/right patterns do not exhibit intensity modulation, see Figs. 5(f) and 5(h), whereas two-arm spiraling fringes with maximum contrast are observed in the left/right and right/left cases as shown in Figs. 5(e) and 5(i).
On the other hand, when the input beam is linearly polarized, the polarization and the orbital angular momentum of the output photons are maximally entangled and their state is given by ðj þ 1i
. This is verified from the observation of two-arm spiraling fringes with intermediate contrast and opposite handedness in the linear/left and linear/right cases; see Figs. 5(d) and 5(g), respectively.
In conclusion, we have demonstrated that electricfield-induced topological defects in vertically aligned nematic liquid crystal films behave as highly efficient optical spin-orbit encoders whose operating wavelength and operation mode of such natural quantum optical devices can be adjusted and changed in real time using low-voltage electric fields. 
